In mammals, the ovarian follicles are regulated at least in part by bone morphogenetic protein (BMP) family members. Dullard (also known as Ctdnep1) gene encodes a phosphatase that suppresses BMP signaling by inactivating or degrading BMP receptors. Here we report that the Col1a1-Cre-induced Dullard mutant mice displayed hemorrhagic ovarian cysts, with red blood cells accumulated in the follicles, resulting in infertility. Cells expressing Cre driven by Col1a1 2.3-kb promoter and their descendants were found in granulosa cells in the ovary and in Sertoli cells in the testis. Dullard mRNA was localized to granulosa cells in the ovary. Genes involved in steroid hormone genesis including Cyp11a1, Hsd3b1 and Star were reduced, whereas expression of Smad6 and Smad7, BMP-inducible inhibitory Smads, was up-regulated in the Dullard mutant ovaries. Tamoxifen-inducible Dullard deletion in the whole body using Rosa26-CreER mice also resulted in hemorrhagic ovarian cysts in 2 weeks, which was rescued by administration of LDN-193189, a chemical inhibitor of BMP receptor kinase, suggesting that the hemorrhage in the Dullard-deficient ovarian follicles might be caused by increased BMP signaling. Thus, we conclude that Dullard is essential for ovarian homeostasis at least in part via suppression of BMP signaling.
| INTRODUCTION
The human ovary contains approximately 1-2 million primary oocytes at birth and continues to produce eggs through ovulation approximately every 28 days until menopause. This life cycle of ovarian follicles is highly regulated by various hormones including pituitary gonadotrophin hormones (folliclestimulating hormone [FSH] and luteinizing hormone), gonadotropin-releasing hormone and gonadal hormones (estrogen, androgen and progesterone). However, ovarian follicle | Genes to Cells HAYATA eT Al. growth is also regulated by topically released growth factors and cytokines. Of these, transforming growth factor (TGF)-β superfamily members including activin, inhibin, growth and differentiation factor (GDF) and bone morphogenetic protein (BMP) are expressed in various cell types in the follicles and play critical roles for folliculogenesis. GDF9 and BMP15 are secreted from oocytes and activate Smad2/3 signaling and Smad1/5/8 pathways, respectively. Importance of GDF9 and BMP15 in human ovarian homeostasis is supported by the evidence that mutations of GDF9 and BMP15 are associated with ovarian disorders including primary ovarian insufficiency (Persani, Rossetti, Di Pasquale, Cacciatore, & Fabre, 2014) .
Focusing on gene expression of BMP ligands, Bmp6 and Bmp15 are expressed in oocytes; Bmp2, Bmp5 and Bmp6 in granulosa cells; and Bmp4 and Bmp7 in theca cells. These ligands function in both paracrine and autocrine manners (Knight & Glister, 2006) . BMP treatment enhances estrogen production and attenuates progesterone production in granulosa cells in vitro (Shimasaki et al., 1999) . Mouse genetic studies show that triple deletion of Smad1/Smad5/Smad8 genes or double deletion of Bmpr1a/Bmpr1b genes in granulosa cells leads to granulosa cell tumor and infertility in mice (Edson et al., 2010; Pangas et al., 2008) , suggesting the importance of BMP signaling in the ovary.
Bone morphogenetic protein signaling regulates cell fate during early development. Antagonism of BMP signaling is well described in dorsoventral patterning in early Xenopus embryo (De Robertis & Kuroda, 2004) . Chordin, Noggin and Follistatin bind to BMP and suppress its signaling, thereby inducing dorsal mesoderm and neuroectoderm. Various genes encoding extracellular BMP antagonists are also expressed in the ovary (Fenwick, Mansour, Franks, & Hardy, 2011) , suggesting that the balancing BMP signaling also plays important roles in the ovary. Although granulosa cell-specific deletion of a BMP antagonist Grem1 gene does not affect histology of the ovary and fertility in adult female mice (Myers et al., 2011) , the Follistatin conditional knockout female mice develop phenotypes such as premature ovarian failure (Jorgez, Klysik, Jamin, Behringer, & Matzuk, 2004) . It is suggested that inhibitory Smad6 and Smad7 may play potential roles in the ovarian function, but granulosa cell-specific Smad7-deficient mice do not show an overt reproductive defect (Li, 2015) . Thus, the role of the negative regulators of BMP signaling in the ovarian homeostasis is not well defined.
Dullard, which is also known as Ctdnep1, encodes a phosphatase that belongs to haloacid dehalogenase-like hydrolase superfamily (Conserved domain accession: cl21460). Dullard suppresses BMP signaling by dephosphorylating activated type I BMP receptor and by promoting degradation of type II BMP receptor and thus plays important roles in neural development in Xenopus (Satow, Chan, & Asashima, 2002; Satow, Kurisaki, Chan, Hamazaki, & Asashima, 2006) . Dullard null mice display early embryonic lethality by E11.5 (Tanaka et al., 2013) . By generating conditional Dullarddeficient mice, we recently showed that Dullard plays crucial roles in kidney maintenance after birth by negatively regulating BMP signaling and in skeletal development by negatively regulating TGF-β signaling, respectively (Hayata, Ezura, Asashima, Nishinakamura, & Noda, 2015; Sakaguchi et al., 2013) . Recently, Dullard was shown to directly interact with Mad and negatively regulate Mad C-terminal and linker phosphorylations in Drosophila (Urrutia, Aleman, & Eivers, 2016) , suggesting that Dullard attenuates BMP signaling at both BMP receptor and Smad levels.
While analyzing the role of Dullard in bone metabolism, we unexpectedly found that Dullard mutant mice carrying "osteoblast-specific" Col1a1 promoter-driven Cre recombinase displayed hemorrhagic ovarian cysts, which resulted from recombination of the floxed allele in the ovary in addition to the bone tissues. Thus, we here provide the evidence that Dullard is essential for homeostasis of the adult ovary.
| RESULTS

| Col1a1-Cre results in recombination of
Dullard floxed allele in the ovary and testis in addition to the bone
To investigate whether Dullard plays a role in bone metabolism, we generated osteoblast-specific Dullard knockout (Dullard
Col1KO
) mice using mice with Dullard floxed allele (Sakaguchi et al., 2013) and Col1a1-Cre transgenic mice (Dacquin, Starbuck, Schinke, & Karsenty, 2002) . To confirm tissue-specific recombination of Dullard floxed allele, genomic DNA from various organs of Dullard Col1KO mice was subjected to polymerase chain reaction (PCR) analysis. Recombination of Dullard floxed allele was detected not only in bone tissues including ulna and calvaria but also in the ovary and testis (Figure 1a ,b).
In the previous report, specificity of Col1a1-Cre-mediated recombination was not investigated in the ovary and testis (Dacquin et al., 2002) . Thus, we investigated Cre expression using a Col1a1-Cre transgenic mouse line. Reverse transcription polymerase chain reaction (RT-PCR) analysis showed that Cre and Col1a1 were expressed in the ovary and testis of the Col1a1-Cre mice (Figure 1c) . Dullard was also expressed in the ovary and testis.
To identify cell lineage of the Cre-expressing cells, we used R26GRR reporter mice (Hasegawa et al., 2013) . In this system, enhanced green fluorescent protein (EGFP) is ubiquitously expressed from Rosa26 locus in the absence of Cre, whereas cells expressing Cre and their descendants turn red by deletion of EGFP sequence and subsequent initiation of dsRed expression. Red cells were not observed in the ovary and testis of single R26GRR transgenic mice (Figure 2a ,b,e,f). Red cells were observed in the granulosa cells in the ovary of double transgenic mice crossed R26GRR with Col1a1-Cre (Figure 2c,d ). Red cells were also observed in the Sertoli cells in the testis (Figure 2g,h ). Immunohistochemistry using anti-RFP antibody also supported these expression patterns (Figure 2i, j) . No signal was detected in the gonads of control R26GRR mice (data not shown). These results show that Cre mRNA is expressed and functional in the ovary and testis of Col1a1-Cre transgenic mice.
| Dullard deficiency results in hemorrhagic ovarian cysts and infertility
Dullard
Col1KO male mice were fertile and no histological anomaly of the testis was observed at 3 months of age (data not shown). In contrast, Dullard Col1KO female mice showed hemorrhagic ovarian cysts at 2 months of age and 4 months of age (Figure 3 ). Histologically, there were several kinds of growing follicles including primary follicles to antral follicles in control ovary (Figure 4a ). In the Dullard Col1KO ovary, there were large follicles containing red blood cells and small healthy follicles ( Figure 4b ). We did not observe abnormal cell morphology in granulosa cells in the Dullard mutant ovary when compared with control mice. Corpora lutea were not observed in the Dullard mutant ovary. Cytoplasm of the mutant interstitial cells was not stained with eosin strongly, and the cytoplasm was relatively white. Brown deposits with unknown character were observed in interstitial tissue of the Dullard Col1KO ovary ( Figure 6a ). Expression of Cyp11a1 (P450scc) and Hsd3b1 (hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1), which are involved in steroidogenesis, was significantly decreased in the Dullard Col1KO ovary ( Figure 6b ). As Cyp11a1 is expressed in corpora lutea and interstitial tissues (Vandormael-Pournin et al., 2015) , reduction of expression of Cyp11a1 is consistent with degeneration of the interstitial tissue ( Figure 4d ). Expression of Cyp19a1 (aromatase) tended to be lowered ( Figure 6b ). Expression of Star (steroidogenic acute regulatory protein), which is involved in cholesterol transport to mitochondria, was also significantly decreased ( Figure 6c ). As Star is a marker for corpus luteum (Murphy, 2000) , reduction of expression of Star suggests that corpus luteum formation is impaired, which is consistent with histological inspection ( Figure ). We did not detect hemorrhagic cysts 1 week after tamoxifen injection (data not shown). Although efficient recombination of Dullard gene should occur throughout the body, we did not observe any major symptoms except in the ovary, suggesting that Dullard plays a critical role exclusively in the ovary in adult homeostasis. To investigate whether BMP signaling was up-regulated in tamoxifen-induced Dullard-deficient mice, we carried out immunohistochemistry of phospho-Smad1/5/8, an indicator of activation of BMP signaling (Figure 7c,d ). We detected clear immunostaining signals of phospho-Smad1/5/8 in granulosa cells in the follicles, but the signal strength varied from follicle to follicle even within a single ovary, making it difficult for us to determine whether the signals for the phospho-Smad1/5/8 were increased in the Dullard mutant ovary. Genes to Cells HAYATA eT Al.
| Administration of LDN-193189 rescues the onset of hemorrhagic ovarian cysts in Dullard mutant mice
To investigate whether the hemorrhagic ovarian cysts resulted from up-regulation of BMP signaling caused by tamoxifeninduced loss of Dullard gene, we administered LDN-193189, a small compound that selectively inhibits BMP receptor kinase activity (Yu et al., 2008) , after tamoxifen injection (Figure 8 ). Daily LDN-193189 administration rescued the hemorrhagic phenotype of the tamoxifen-induced Dullarddeficient mice (Figure 8d ,e). These results suggest that hemorrhagic ovarian cysts induced by loss of Dullard may be caused at least in part by up-regulation of BMP signaling.
| DISCUSSION
In this study, we provided the first evidence that Dullard gene is essential for ovarian homeostasis. Dullard was expressed in granulosa cells in the ovary and Dullard gene deficiency caused hemorrhagic ovarian cysts in both Col1a1-Creinduced and tamoxifen-induced Dullard knockout mouse models. These results broaden our knowledge about functions of Dullard not only in the kidney and skeleton but also in the ovary and shed light on pathogenesis of the ovarian diseases.
We and others have shown that Dullard functions as a suppressor of BMP signaling in various biological aspects across species (Liu et al., 2011; Sakaguchi et al., 2013; Satow et al., 2006; Urrutia et al., 2016) . Although we were unable to show clear evidence that Dullard negatively regulates BMP signaling in the ovary, the formation of hemorrhagic ovarian cysts in the Dullard mutant mice was prevented by administration of a BMP receptor kinase inhibitor, LDN-193189, suggesting that Dullard regulates ovarian homeostasis at least in part by suppression of BMP signaling. BMP signaling plays important roles in regulating steroidogenesis and mitosis in granulosa cells. BMP ligands commonly suppress FSH-induced progesterone synthesis (Inagaki et al., 2009; Otsuka, McTavish, & Shimasaki, 2011; Shimasaki, Moore, Otsuka, & Erickson, 2004) , and thus, it has been suggested that BMPs function as luteinization inhibitors. Thus, one can speculate that if BMP signaling is aberrantly maintained at a high level in the granulosa cells, the luteinization may be inhibited. Indeed, Dullarddeficient ovary lacks corpora lutea (Figure 4) . In those studies, treatment of granulosa cells with BMP ligands in vitro suppresses FSH-induced expression of Star gene, which encodes a key molecule regulating progesterone production in granulosa cells. Indeed, expression of Star is decreased in the Dullard-deficient ovary ( Figure 6 ). Although we failed to detect up-regulation of BMP signaling in immunohistochemistry experiments (Figure 7) , our results suggest that BMP signaling is constitutively activated in the Dullard-deficient ovary. We thus speculate that the formation of hemorrhagic cysts might occur because of failure of luteinization due to high level of BMP signaling in the Dullard mutant ovary. Dullard may play roles in maintaining appropriate levels of BMP signaling in the granulosa cells. Future studies are needed to investigate the effect of constitutively active BMP signaling in granulosa cells on ovarian homeostasis using transgenic mice with constitutively active BMP receptor in the ovary.
However, Dullard (Ctdnep1) has been shown to regulate nuclear membrane biogenesis (Kim et al., 2007) . Knockdown of Ctdnep1 in Caenorhabditis elegans embryos causes abnormal nuclear membrane breakdown at the two-cell stage (Han et al., 2012) . Ctdnep1has also been shown to dephosphorylate and regulate Lipin-1, which is a phosphatidic acid phosphohydrolase to yield diacylglycerol from phosphatidic acid and plays critical roles in lipid metabolism (Finck et al., 2006; Han et al., 2012) . Thus, it is also possible that Dullard deficiency may affect nuclear membrane biogenesis directly or lipid metabolism indirectly, leading to impaired folliculogenesis.
To date, there are some transgenic and knockout animal models that show formation of hemorrhagic cysts including estrogen receptor alpha (ERα) knockout (Lubahn et al., 1993) , Aromatase gene knockout (Britt et al., 2000) and FSH-over-expressing mice (Kumar et al., 1999) . Of these, the ovarian phenotype of the Esr1 knockout mice best resembles that of Dullard mutant mice. Dullard Col1KO mice are considered to be hypoestrogenic as suggested by reduction of uterus weight that is a typical phenotype of estrogen depletion. Thus, it is also possible that up-regulation of BMP signaling caused by loss of Dullard gene may result in reduction of estrogen signaling, leading to formation of hemorrhagic cysts. Further study will be required to determine relationship between the BMP and estrogen signaling in the ovary. Dullard Col1KO female mice are infertile (Table 2) . It remains unclear that infertility of Dullard KO mice is caused by follicle maturation defect accompanied by hemorrhage, or by aberrant maintenance of pregnancy because of lacking corpora lutea. To clarify these possibilities, examining ovulation of Dullard KO female mice would be helpful. If fertilized eggs are obtained from Dullard KO female mice, transfer of the fertilized eggs to foster mothers will show whether the eggs can be developed normally. Previous studies showed that loss of type I BMP receptors Bmpr1a and Bmpr1b as well as intracellular mediators of BMP signaling Smad1 and Smad5 leads to granulosa cell tumors in mice (Edson et al., 2010; Pangas et al., 2008) , suggesting that reduction of BMP signaling may be associated with granulosa cell tumors. Thus, one of the therapeutic approaches against granulosa cell tumors would be to maintain BMP signaling at a certain level. High expression of Dullard might prevent granulosa cell tumors. It would be interesting to investigate whether expression level of Dullard is associated with prognosis in patients with granulosa cell tumors.
In this study, we unexpectedly found that Dullard floxed allele was recombined in the ovary and testis by Col1a1-Cre. These Col1a1-Cre mice were previously shown to express Cre mRNA in osteoblasts specifically (Dacquin et al., 2002) , but so far there has been no study showing the recombination of floxed allele in such gonadal organs. We clearly showed that Cre mRNA is expressed and active in the ovary and testis (Figures 1c and 2 ). In particular, granulosa cells and Sertoli cells are marked in the ovary and testis, respectively, suggesting that transgenic Col1a1 (2.3 kb) promoter is active in these cells and the Col1a1-Cre mice can also be used to study gene function in these cells. As type I collagen is expressed throughout the ovary (Berkholtz, Lai, Woodruff, & Shea, 2006) and testis (He et al., 2005) in mice, the Col1a1 2.3-kb region may share common enhancers for osteoblasts and gonads. And, this Cre activity pattern is similar to that in anti-Müllerian hormone (AMH)-Cre mice (Lécureuil, Fontaine, Crepieux, & Guillou, 2002) , suggesting that enhancer regions of Col1a1 and AMH may share a certain similarity in sequence. The ovary produces sex hormone estrogen, which is an important hormone for bone mass maintenance. When one uses Col1a1-Cre mice to delete gene of interest for bone research, one should carefully examine whether deletion of the gene affects gonadal function, which may in turn affect bone systemically in an osteoblast-independent manner.
In conclusion, this study is the first to show a functional requirement for Dullard in the ovarian homeostasis and female reproduction.
| EXPERIMENTAL PROCEDURES
| Mice
Dullard floxed mice were described previously (Hayata et al., 2015; Sakaguchi et al., 2013) , and the details are available from RIKEN Center for Developmental Biology (Kobe, Japan) under accession number CDB0564K (http://www. cdb.riken.jp/arg/mutant%20mice%20list.html). Col1a1-Cre mice were described previously (Dacquin et al., 2002) . The Col1a1-Cre mice used in Figures 1c and 2 , which are identical to Col1a1-Cre mice (Dacquin et al., 2002) , were obtained from RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan, under accession number RBRC05603. R26GRR mice were obtained from Laboratory Uterus weight (g) 1. 5 ± 0.2 1.2 ± 0.3 2.8 ± 0.4 1.5 ± 0.3* Results are presented as mean ± SEM. The number of the mice is as follows: control at 2 months of age (n = 4), Dullard Col1KO at 2 months of age (n = 4), control at 4 months of age (n = 7) and Dullard Col1KO at 4 months of age (n = 7). *p < .05. Animal Resource Center, University of Tsukuba (Hasegawa et al., 2013 
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| Genomic polymerase chain reaction
Tissues were dissected from Dullard Col1KO mice, and a part of the tissue was incubated in 200 μl of 50 mM NaOH at 90°C for 30 min, followed by addition of 50 μl of 1 M Tris-HCl (pH 8.0). The supernatant containing genomic DNA was extracted with phenol-chloroform, ethanol-precipitated and dissolved in TE (10 mM TrisHCl, 1 mM EDTA, pH 8.0). Using genomic DNA as a template, PCR was carried out for 40 cycles with the following primer set: CTGTCCATCTGCACGAGACT and CCGCACGTCTAAGAAACCAT.
| Standard RT-PCR
Ovaries and testes were dissected from mice and transferred into RNAlater™ Stabilization Solution (#AM7020; Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was extracted using RNeasy Mini kit (#74106; Qiagen, Hilden, Germany). cDNA was synthesized from 1 μg of total RNA using High-Capacity cDNA Reverse Transcription Kit (#4368814; Thermo Fisher Scientific). PCR was carried out using the following primer sets and cycles: Cre (AB449974.1), TTGGCAGAACGAAAACGCTG and TCAGCTACACCAGAGACGGA, 28 cycles; Col1a1 (NM_007742.4), CTGACTGGAAGAGCGGAGAG and 
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| Confocal microscopy
Tissues were fixed in 10% formalin in phosphate-buffered saline (PBS) for 5-6 hr at room temperature, and then, they were incubated in 5% sucrose in PBS for 1 hr and then in 30% sucrose in PBS with gentle agitation overnight at 4°C. Tissues ere embedded into Tissue-Tek O.C.T. compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan). Sections were cut at 10 μm using Leica CM1520 cryostat (Leica Biosystems, Nussloch, Eisfeld, Germany). After drying, sections were directly mounted in ProLong™ Diamond Antifade Mountant with DAPI (#P36966; Thermo Fisher Scientific) and incubated overnight at room temperature in the dark. Confocal images were taken using TCS SP8 (Leica Microsystems, Wetzlar, Germany) with the following excitation and detection wavelength sets: DAPI (405 nm and 410-480 nm); EGFP (488 nm and 500-550 nm); and dsRed (561 nm and 570-630 nm). Overlaid images were exported as jpeg files.
| Histology, in situ hybridization and immunohistochemistry
Tissues were fixed in 10% formalin in PBS, dehydrated and embedded in paraffin. Sections were cut at 5 or 6 μm. Hematoxylin and eosin staining was carried out using standard protocol. In situ hybridization and immunohistochemistry were carried out using Discovery system (Roche, Basel, Switzerland) as previously described (Sakaguchi et al., 2013) . The primary antibodies used are as follows: phosphoSmad1/5/8 (#9511; Cell Signaling Technology, Danvers, MA, USA) and RFP (#600-401-379; Rockland Immunochemicals Inc., Limerick, PA, USA). Length of Dullard probe for in situ hybridization was 766 bp.
| Quantitative RT-PCR
Quantitative RT-PCR was carried out as described previously (Hayata et al., 2015) . The primer sets used are as follows: Bmp15 
| Tamoxifen and LDN-193189 treatment
Tamoxifen (#T5648; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 6.7% ethanol and 93.3% sunflower seed oil (#S5007; Sigma-Aldrich) at a concentration of 6.67 mg/ml and injected intraperitoneally into adult (9-12 weeks old) female mice (70 mg/kg body weight). A selective inhibitor of type I BMP receptor kinases, LDN-193189 hydrochloride (#124-06011; Wako Pure Chemical Industries, Ltd., Osaka, Japan), was dissolved in sterile water at a concentration of 0.275 mg/ml, and the pH was adjusted to 6.8, as described previously (Sakaguchi et al., 2013) . One day after tamoxifen treatment, adult female mice were administered with LDN-193189 (5.5 mg/ kg body weight) by a daily intraperitoneal injection. At day 14, the mice were killed within 3 hr after the last injection. 
| Statistical analysis
Two-tailed unpaired Student's t test was carried out using Excel software. p < .05 was considered statistically significant.
